An analysis of the possibilities of using new types of polymeric inhibitors in the technology of drilling fluids in shale formations
Introduction

Drilling fluids used in industrial conditions to drill in clay rocks
Effective systems of rock hydration inhibitors feature the capability to prevent both the dispersion and swelling of clay minerals contained in rocks. Such agents show various mechanisms of action, and their common characteristic is that they cause physicochemical phenomena resulting in maintaining borehole wall stability. Moreover, the ensuring of appropriate inhibition level prevents damage to the close to borehole zone. Polymer-potassium, glycol, silicate drilling fluids of the so-called triple inhibition system (including HPWBM type drilling fluid), and others are recommended for drilling in clay rocks [3, 4, 7, 11] .
The potassium-polymer drilling fluid is a drilling fluid of the so-called 'double inhibition system', in which the basic chemical agents showing the capability to reduce the hydration of clay rocks are potassium chloride as an ion inhibitor, and a high polymer as a polymer inhibitor. Partially hydrolysed polyacryloamide (PHPA) is the most often used polymer inhibitor of clay rocks hydration. This is an anion type polymer, which as a result of the interaction between the positively charged edges of clay parts and the negatively charged polymer carboxyl groups creates a thin coat, which is an obstruction to filtrate migration from the drilling fluid. Such polymers are referred to as encapsulating polymers [2, 3] .
In certain drilling regions clay rocks exist, especially sensitive to the action of water, for which the use of a cation drilling fluid is recommended, where two cation polymerslow and high -are its basic components. The mechanism of the inhibiting action of cation polymers consists in the fact that they bind via electrostatic forces with negatively charge the surface of a clay rock, neutralising its negative charge. Analyses of rock clays dispersion in the cation drilling fluid environment have shown its good inhibiting properties: recoveries of clays after dispergation in a cation drilling fluid reached values close to 100% [3, 14] .
Also, glycol-potassium drilling fluid is classified as a drilling fluid of double ion-polymer inhibition. In this drilling fluid the function of a polymer inhibitor is fulfilled by a nonionic polymer -polyglycol, while KCl is an ionic inhibitor. A clay-free glycol-potassium drilling fluid, because of small damage to reservoir rocks' permeability, may be used to reach productive levels in borings. The inhibiting action of the drilling fluid on clay rocks is explained by the permeation to rock pores of polyglycol drops originating at a higher temperature and mineralisation, and binding polyglycol with clay via hydrogen bonds. Also, K + ions play a significant role in the process of inhibition by polyglycol as a result of synergic interaction with polyglycol [2, 4, 5] .
In turn, when drilling with a silicate drilling fluid, the effective inhibition of clay-shale rocks hydration is obtained, in particular those with microcracks. A water-soluble sodium or potassium silicate, usually referred to as 'water glass', is the basic component of the silicate drilling fluid. The water glass properties depend on its modulus, defined as the mole ratio of silicon dioxide to sodium oxide (n = SiO 2 : Na 2 O). The mechanism of inhibiting action of the silicate drilling fluid consists in the formation of non-permeable silicic acid gel on the rock surface as a result of drilling fluid contact with the deposit water of low pH, and in silicates' reaction with multivalent ions, resulting in the formation of insoluble sediments [6, 8, 12] . Studies on clay rock dispersion in the environment of silicate drilling fluids developed at the Oil and Gas Institute -National Research Institute and AGH and the Diament company have shown its high effectiveness in rocks hydration inhibition. Recoveries of Eocene shale after dispersion in this drilling fluid environment reached as much as 100% [9] .
A drilling fluid of a high inhibition degree, referred to in the literature as the 'HPWBM' (High Performance Water Based Mud) drilling fluid, contains in its composition a potassium salt and two polymers, i.e. a high polymer used to encapsulate the borehole walls, which, adsorbing on the rock surface forms a membrane (film), limiting the permeation of water into rock formations, and a polymer of low molecular mass (most frequently an amine compound) preventing the swelling of clayshale rocks. The inhibition properties of this drilling fluid are compared to an inversion drilling fluid. Moreover, this drilling fluid features appropriate lubricating properties [3, 4, 11, 15] .
The choice of appropriate inhibition properties of drilling fluids to drill in clayey shale, which is at the same time a host and reservoir rock, is very important due to such rocks' propensity for water absorption, causing their hydration. As a result on uncontrolled hydration caused by the physicochemical action of the filtrate from the drilling fluid on clay-shale rocks, the crystalline structure of minerals is impaired, and hence the static equilibrium of rocks in the borehole. This leads to reducing the strength of clay rock, increasing its volume and dispersion, and also to the origination of hydration stresses in the rock, which may result in decreasing the borehole diameter, accelerating borehole wall erosion or creating caverns. Hydration of such rocks also results in deterioration of the hydraulic permeability of the rock in the zone close to the borehole, limiting the flow of deposit fluids to the borehole. It is also favourable for the formation of an excess of useless solid phase in the drilling fluid, and thereby to increasing its rheological parameters [4, 14] .
Also, oil-dispersion drilling fluids may be used to drill in layers of clayey shale. Because of environmental protection, such drilling fluids should be prepared based on a synthetic oil, like fatty acids methyl esters, or polyalphaolefins.
Laboratory investigations
After carrying out a literature survey, the methodology and scope were determined to select drilling fluids to drill in shale strata. These investigations included the choice of optimum rheological-structural parameters of the drilling fluid based on the determined parameters of drilling, and the properties of drilled strata. Therefore, tests were performed on drilling fluids with double and triple inhibition (ionic inhibitors, polyglycol, water glass, amine compounds, alkoxylated butanol) in the field of selecting the amount and type of effective rock hydration inhibitors with a view to determining their impact on clayey materials. In addition, tests were related to the determination of drilling fluid property changes under borehole-like conditions, for developing a methodology for prepared drilling fluids treatment and controlling their parameters during the borehole drilling.
When selecting new types of rock hydration inhibitors, chemical agents available both from domestic and foreign suppliers were analysed from the point of view of their properties. The properties of new agents acquired for tests show possibilities of their application after modification of drilling fluids' composition as effective inhibitors of rocks hydration. Investigations on choosing rock hydration inhibitors were carried out on drilling fluids containing the minimum amount of loading material due to its small influence on the inhibition properties of drilling fluids.
Polyglycols used in the industry as rock hydration inhibitors mainly include ethylene oxide polymers of varying molecular masses. The glycol drilling fluid developed at the Oil and Gas Institute -National Research Institute at the end of the 1990s contains a copolymer of ethylene oxide and propylene oxide. Polyglycol, used in the current tests, which is also a copolymer of ethylene oxide and propylene oxide, has a higher molecular mass. So there was a need to choose an appropriate type and amount of emulsifier which would ensure dispersion of polyglycol in the drilling fluid. Therefore, tests were carried out on drilling fluids containing various amounts of the new polyglycol type, and of an effective emulsifier. Table 1 specifies the obtained results. Based on the carried out tests, a recipe for a glycol drilling fluid containing a new 2600 polyglycol has been prepared, intended to drill in clay rocks. The performed tests on the rheological parameters of the developed drilling fluid and on thermal resistance, resistance to pollution with mono-and multivalent ions, as well as the results of studies on its impact on Miocene shale disintegration, show a possibility to use it to drill in shale formations. The obtained high values of shale recovery (Table 1 , Fig. 1 ) P 1 = 88÷98% and P 2 = 56÷72% prove good protection of clay rocks against hydration by the tested drilling fluids.
Within the Blue Gas project an attempt was also made to develop a new type of triply inhibited drilling fluid (Table 2) . To this end a new agent was acquired, being an alkoxy derivative of butanol (hereinafter referred to as 'B 3000'). According to the manufacturer's recommendation this agent works well with PHPA type polymers and KCl in the drilling fluid composition in the field of rock hydration inhibition. Moreover, agent B 3000 was used in tests on triply inhibited drilling fluids combined with an amine compound and the drilling polyglycol. The amine compound used for tests is a quaternary ammonium salt of alkoxylated acidic amine (in the table marked as amine-IV). The technological parameters of the developed drilling fluids with triple inhibition also show a possibility to use them for drilling in shale formations, while the obtained figures of Miocene shale recovery, both at ambient temperature and at 60°C, especially the value of P 2 (Table 2, Fig. 2 ), prove the high degree of clay-shale rock inhibition.
Also, the drilling fluid composition of triple inhibition has been developed, in which potassium chloride, amine show a good thermal resistance, resistance to pollution with mono-and multivalent ions, and show good effectiveness in reducing rock hydration, value P 1 within the range of 92÷100%, value P 2 -70÷80%. The results of the tests are presented in Table 3 and in Fig. 2 . Performed tests of the rheological properties of drilling fluids using an OFITE HPHT 77 viscometer in the temperature range of 20÷120°C have confirmed the thermal stability of the developed drilling fluids. In a cycle of heating up to 120°C and then cooling down to 20°C rheological parameters like plastic viscosity and yield point return to the initial values. Examples of graphs presenting rheological parameter changes for a triply inhibited drilling fluid (inhibitors: potassium chloride, amine compound (amine-IV) and 2600 polyglycol with emulsifier, Table 3 , item 1) are presented in Figs. 3 and 4 .
The uncertainty of plastic viscosity measurement was estimated at 1 mPa · s, of apparent viscosity at 0.25 mPa · s, of gel strength at 0.5 Pa, and of yield point at 0.75 Pa based on the accuracy rating of the used viscometer. The density measurement uncertainty was estimated at 5 kg/m 3 based on the accuracy rating of the mud balance. The pH measurement uncertainty was estimated at 0.05 based on the accuracy rating of the pH meter. The application of appropriate drilling fluid systems is one of the factors resulting in the increased profitability and effectiveness of natural gas extraction from non-conventional deposits. The composition and technological properties of drilling fluids would allow the quick and failure-free carrying out of drilling in accordance with the designed borehole trajectory. Therefore, the effective prevention of shale hydration and the minimisation of drilling fluids' impact on the physicomechanical parameters of those rock becomes an important issue.
Performed laboratory tests allowed the obtaining of new effective rock hydration inhibitors, which were used in developed compositions of drilling fluids for drilling in shale formations. Compositions of doubly and triply inhibited drilling fluids were developed, in which the role of inhibitors is fulfilled by ionic inhibitor KCl, polyglycol, an alkoxy derivative of butanol, water glass and an amine compound (quaternary ammonium salt of alkoxylated acidic amine). The high effectiveness of the chosen inhibitors was confirmed by investigations on clay rocks dispersion in the environment of developed drilling fluids at room temperature and at 60ºC; rock recoveries after dispersion in the drilling fluid (P 1 ) reach values of 100% or close to 100%, and after dispersion in water (P 2 ) 60÷70%.
Tests on the rheological parameters of developed drilling fluids carried out in the temperature range of 20÷120ºC using an OFITE HPHT 77 viscometer have confirmed the thermal stability of the developed drilling fluids in the tested temperature range. The performed tests have shown that the developed drilling fluids feature appropriate rheological parameters, and are resistant to chemical pollution and to elevated temperatures. Based on the carried out tests, it has been found that triply inhibited drilling fluids, and in particular the drilling fluid containing potassium chloride -amine compound (amine-IV) -2600 polyglycol with emulsifier as inhibitors, and also the drilling fluid in which potassium chloride -alkoxy derivatie of butanol (B 3000) -PHPA were inhibitors have the highest effectiveness in limiting shale disintegration under the impact of drilling fluid action. Fig. 3 . Changes of yield point for triply inhibited drilling fluid containing inhibitors system: 2600 polyglycol with emulsifier -amine-IV -KCl (drilling fluid 1, Table 3 ) in the temperature range of 20÷120ºC Fig. 4 . Changes of plastic viscosity for triply inhibited drilling fluid containing inhibitors system: 2600 polyglycol with emulsifier -amine-IV -KCl (drilling fluid 1, Table 3 ) in the temperature range of 20÷120ºC The article is the result of research conducted in connection with a project: Optimisation of drilling parameters, including the selection of drilling technology, tools, drilling fluids and cementing of vertical and horizontal boreholes for the extraction of shale gas deposits, co-funded by the National Centre for Research and Development as part of the programme BLUE GAS -POLISH SHALE GAS. Contract No. BG1/OPTIDRILLTEC/13.
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